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INTRODUCTION 40
More than just a container for DNA, the nucleus carries out a wide variety of 41 critical and highly regulated cellular functions. The nuclear envelope (NE) is composed 42 of a double lipid bilayer. The outer nuclear membrane is continuous with the 43 endoplasmic reticulum while the inner nuclear membrane is lined and supported by the 44 nuclear lamina, composed of a meshwork of lamin intermediate filaments and lamin-45 associated proteins (1, 2). Nuclear pore complexes (NPC) that mediate 46 nucleocytoplasmic transport are inserted into the NE at sites where the inner and outer 47 nuclear membranes fuse (2-5). After mitosis and nuclear reassembly, lamins are 48 imported into the nucleus along with other proteins containing nuclear localization 49 signals (NLS). Classical nuclear import is mediated by importin α/β karyopherins, which 50 bind NLS-containing proteins and ferry them across the NPC and into the nucleus. 51
Within the nucleus, Ran in its GTP-bound state binds to importin β thereby releasing 52 NLS cargos. Another key player in this process is NTF2, a dedicated nuclear import 53 factor for Ran (6-10). Associated with the NPC, NTF2 has been shown to reduce import 54 of large cargos (11-13). While nuclear import is critical for a wide variety of cell functions 55 (14, 15) , in this study we investigate how altering nuclear import impacts developmental 56 progression and organismal size. 57
In Xenopus, levels of two nuclear import factors were shown to tune rates of 58 nuclear import, which coincidentally also impacted nuclear growth. Increased importin α 59 levels generally positively scale with nuclear import and size while increased NTF2 60 negatively regulates import of large cargos and nuclear size, although differential effects 61 are observed when these factors are present at very high levels and depending on the 62 6 manipulated early in development. Altering levels of nuclear import factors in half of the 109 embryo frequently resulted in differential timing of neural plate closure in the two halves 110 of the embryo (Fig. S2A, Videos 1-4) . Consequently, these embryos exhibited a curved 111 neural plate ( Fig. 2A, S3A , Videos 5-6). This phenotype was observed in over 65% of 112 NTF2-microinjected embryos, increasing to 85% for embryos microinjected to maximize 113 the import differential in the two halves of the embryo (Fig. 2B) . Similar phenotypes 114 were observed when nuclear import factor mRNA was co-microinjected with H2B-GFP 115 mRNA instead of dextran tracer and with frogs and embryos derived from two different 116 frog colonies (Fig. S3) . Furthermore, microinjection of importin α alone induced a similar 117 effect as importin α/LB3 ( Fig. 2 and S3 ), suggesting the curved neural plate phenotype 118 resulted from altered nuclear import. The formation of curved neural plates was 119 dependent on sufficiently altering nuclear import as microinjecting lower amounts of 120 NTF2 mRNA (e.g. 50 pg) failed to induce neural plate bending (data not shown). When 121 one-cell embryos were microinjected we observed no effect on the morphology of the 122 neural plate compared to controls, demonstrating that the curved phenotype was 123 dependent on there being differential amounts of nuclear import factors in the two 124 halves of the embryo (Fig. S3B) . 125
Interestingly, the neural plate generally curved toward the NTF2 injected side or 126 away from the importin α/LB3 injected side ( Fig. 2A, S3 ). Altering MBT timing and the 127 onset of longer cell cycles has been shown to indirectly impact cell size (24, 33-35). In 128 particular, in the half of the embryo with increased importin α levels and nuclear size, 129
early onset of longer cell cycles results in larger cells, potentially explaining why the 130 neural plate curved away from that side of the embryo. Indeed, consistent with these7 previous reports, surface imaging showed smaller cells on the NTF2-injected side and 132 larger cells on the importin α-injected size ( Fig. S2B-C) . 133
We next asked if the bent neural plate phenotype was propagated later in 134 development. More than 30% of NTF2-microinjected embryos exhibited a bent tadpole 135 phenotype, again with the bend occurring toward the NTF2-microinjected side (Fig. 3,  136 S4-S5). We also observed more than 30% of tadpoles with a smaller eye on the NTF2-137 microinjected side, with 16% of embryos showing both the small eye and bent body 138 phenotype ( Fig. 3, S4 ). The small eye phenotype was exacerbated in embryos 139 microinjected to maximize nuclear import differences in the two halves of the embryo 140 (Fig. 3B) . Embryos microinjected at the one-cell stage did not develop into bent 141 tadpoles (Fig. S5A) , similar to what was observed for neurula. Similar bent tadpoles 142 were observed with frogs and embryos derived from two different frog colonies as well 143 as for embryos microinjected with importin α/LB3 or importin α alone ( Fig. 3 and S5) . 144
Lastly, we allowed microinjected embryos to develop into 4-month-old froglets. 145 NTF2-microinjected embryos gave rise to significantly smaller froglets, with a small 146 proportion exhibiting defective body morphologies (Fig. 4) . Many of the NTF2-injected 147 froglets did not survive to adulthood, however those that did were smaller than their 148 control sexed counterparts (Fig. S6A) . It is possible that the frogs generated from NTF2-149 injected embryos were smaller due to malnutrition associated with their morphological 150 defects. Eggs produced by these smaller females were the same size as controls (Fig.  151 S6B), although nuclei assembled de novo in extract isolated from their eggs were 152 smaller (data not shown). Interestingly, erythrocyte nuclei were smaller in animals 153 derived from NTF2-injected embryos compared to sexed controls (Fig. S6C ). Consistent 154 with this coordination between body size and erythrocyte nuclear size, male erythrocyte 155 nuclei were smaller than those in females, as has been observed in other amphibian 156 species where males are smaller than females (36, 37). The erythrocyte nuclear-to-157 cytoplasmic volume ratio was the same for control females and males but reduced in 158 the case of NTF2 microinjection (Table S1) . 159
Taken together, we show that altering the levels of nuclear import factors in the 160 early embryo leads to downstream effects on gastrulation, neurulation, and the 161 development of tadpoles and froglets. Specifically, NTF2, importin α, and lamin 162 expression levels impact developmental outcomes. These results show how altering 163 nuclear import can, perhaps indirectly, affect function and size at the organismal level. 164
Furthermore, given the defects we observed in neural plate and body morphologies, our 165 findings may be relevant to a wide range of diseases associated with neural tube 166 defects (38). Because nuclear import impinges on a variety of different cellular functions 167 (14, 15), we cannot at this time specify which altered function might be responsible for 168 the observed effects on development. We will note that importin α/LB3 microinjection 169 increases nuclear size while NTF2 microinjection decreases nuclear size (Fig. S1) (12,  170 13, 24). One possibility is that altering nuclear import and size in the early embryo leads 171 to changes in MBT timing that in turn impact cell size and number, subsequently 172 disrupting later stages of development. 173
174

MATERIALS AND METHODS 175
Plasmids 176
Plasmids consisting of pCS2+ containing the coding sequences for human9 importin α2-E (pDL17), X. tropicalis GFP-LB3 (pDL19), and NTF2 (pDL18) were 178 described previously (12, 13). For control injections, we used GFP mRNA expressed 179 from pCS107-GFP3STOP or H2B-GFP mRNA expressed from CS2-H2BeGFP (gifts 180 In most experiments, one blastomere of a two-cell embryo was co-microinjected 208 with mRNA and 50 ng of a fluorescently labeled dextran that served as a marker for the 209 injected half. Dextrans used were lysine-fixable tetramethylrhodamine-labeled dextran, 210 70,000 MW (ThermoFisher, D1818) or lysine-fixable fluorescein-labeled dextran, 70,000 211 MW (ThermoFisher, D1822). For control experiments, mRNA expressing GFP or H2B-212
GFP was used. 213 214
Microscopy and image quantification 215
For Figure S1 , microinjected embryos at stage 11 were transferred to 1/3x MMR 216 containing 10 µg/ml Hoechst. Subsequently, embryos were squashed between a glass 217 coverslip and slide for imaging. For erythrocyte measurements, adult frogs were 218 anesthetized in 0.05% benzocaine prior to blood draw. Abdominal skin was dried and 219 punctured with a sterile 30G½ needle. Blood was immediately smeared on the surface 220 of a glass slide and fixed in methanol for 3 minutes at room temperature. Blood smears 221
were stained in 1x Giemsa stain (Sigma G5637) for 45 minutes at room temperature. 
